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Theorist's view on coherent cooling
Electron cooling is based on the friction force
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It is actually can be derived from a more general formula® valid for arbitrary
medium with the dielectric tensor €4 (w, k)
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(the magnetized cooling force is also derivable from this).

The idea of coherent electron cooling? can be understood that we want to create
the cooling medium with desired properties of the dielectric tensor €4p(w, k).
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Concept of generic coherent electron cooling
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Electrons of the cooler beam with y. =y, first interact with the hadron beam
in a short modulator where their energy is perturbed by hadrons. The energy
perturbations in the electron beam are then converted to density modulation in
the chicane Rs(g). The longitudinal electric field of these density perturbations
acts back on hadrons in the kicker. High-energy hadrons passing through Rég)
move ahead and get a negative kick, low-energy move back and get a positive
kick. Over many passages, this decreases the energy spread of the hadron beam.

This scheme is typically too weak to provide an adequate cooling and should be
supplemented by an amplification of the signal in the electron beam.



Microbunched electron cooling (MBEC)?.

In MBEC the amplification is provided by a sequence of drifts of A,/4
long and chicanes.
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Theoretical studies of MBEC over the last 2 years
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The model
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We used the Vlasov equation to track the dynamics of microscopic 1D
fluctuations in the electron and hadron beams during their interaction
and propagation through the system.

Assumptions:

@ 1D model: hadrons and electrons are treated as infinitely thin slices of
charge Ze (—e for electrons) with a Gaussian transverse charge distribution
with rms sizes (= X) and Z,.

@ Perfect overlap of the electron and hadron beams in the modulator and the
kicker.

@ Particles (slices) do not shift relative to each longitudinally during the
interaction in the modulator and the kicker.

@ Chicanes shift particles in the longitudinal direction by Rsen (n = AE/E).

@ There is a perfect mixing in the hadron beam on the scale Az,,; during one
revolution in the ring.



Representative set of parameters for eRHIC MBEC

In numerical estimates | assume the following set of parameters for the
hadron and electron cooler beams:

Proton energy [GeV] 275
Proton relative energy spread, oy 4.6 x 1074
Electron energy [MeV] 150
Electron relative energy spread, oy 1x107*
Electron beam charge, Q. [nC] 1
Electron beam peak current [A] 30
Repetition rate [MHz] 112
RMS beam size in mod. and kicker, X, [mm] 0.7
Loy Ly [m] 40

The electron bunch length, 0, ~ 4 mm, is much shorter than the proton
bunch length, 0, < 0., =5 cm.

The cooler-beam current is ~ 100 mA.
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Longitudinal cooling time, no amplification®
The rate of energy spread change is (here n = AE/E)

do? g2
7nh = _ih 4 2D
dt t,

The cooling time t. depends on Rég) and Rs(g). The optimal values are:
R — 045, /oney =1 cm, R = 0.4, /0yny = 0.2 cm, with
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Here, I4 ~ 17 kA is the Alfven current and r, = (Ze)?/myc? is the
classical radius for hadrons and T is the revolution period.

The cooling rate increases for smaller X, but we cannot focus both
(hadron and electron) beams in the modulator and the kicker.

4
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Numerical simulations

We used N, = 10* electron macroparticles and the length of the “electron
bunch” Az = 20Z/y. The averaging was done over M =5 x 10° runs. The plot
of the simulated cooling times as a function of the dimensionless chicane
strength r = Rég)onhy/z = Rég)crney/z.
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Amplification of microbunching in the electron beam?®
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In 1D model, the amplification factor
G (k) is derived theoretically. For the
optimized chicane strength (note the

minus sign in G—this is for Rég’z) > 0),

ot = [T g (42)
One AY Y

where X, is the beam radius.

We also simulated g solving equations
of motion for electrons in the drift with
account of the Coulomb interactions.
Red dots—the result of simulations.

This is a broadband amplifier. Unfortunately, small k (long period) plasma

oscillations have small plasma frequency.
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Dispersion of plasma oscillations
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This makes the optimal length of the amplification section longer than

follows from simple estimates.
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MBEC amplification using plasma oscillations in e-beam

a) RS
h* h*
/ CoTEE—— \
e Lm R&" Lg=Ap/4 R&? Le e

Amplification section

Analytic theory predicts for the peak amplification factor for the beam current /.
(assuming Z, = 0.1 mm)
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~ 24

For a quarter of plasma period at the peak current we have
1
ZAP ~ 145 m
Two stages of plasma amplification should be enough for eRHIC.
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MBEC transverse cooling’

@ The transverse cooling is achieved through introduction of the dispersion
in the modulator and the kicker. We followed approach developed in®.

@ For the hadron transport line between the modulator and the kicker, the
four-dimensional transfer matrix is given by

Rs3 Ry 0 Rsg
R_ Ras Rasa 0 Rue
Rss Rsa 1 Rse

0 0 0 1

which is supposed to act on the combined vector y = (y, 6, z,1).

@ We adopt a simplified model in which 1 =32 =, 1 = &, =0,
D; =D, =D and D] = D; =0 (1 and 2 refer to the modulator and the
kicker).

@ Neglecting diffusion effects, the cooling equations for energy spread oy, and
emittance € are

d(gnh)z _ (Gnh)2 de _ €

dt NIT dt~ NeT

G
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Optimization of the cooling rate, one ampl. stage

Our analytical formulas are encoded in a Matlab script and we can run various
optimizations of the cooling rate. We maximized the transverse cooling rate,
and then varied parameters relative to this optimal point. The optimized values:
D = 1.08 m, phase advance from the modulator to the kicker = 0.33 rad
(modulo 27), plasma stage length = 66.3 m, RE, = 0.75 cm,

Riet = R(&® —1.83 cm.
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Optimization of the cooling rate, two ampl. stages

Optimized parameters for two amplification stages: D = 1.31 m, phase advance
= 0.38 rad (modulo 27r), plasma stage length = 82.2 m, Rl = 1.26 cm,

(e,1) (e,2) (e,3)
ng = R5§ — R5g = 2.54 cm.

35 30
— longitudinal
—— transverse
30 25
25 20
B z
E20 15 D=1.05m
= 3
15 10
10 5
5 0
07 08 09 1 11 12 13 40 60 80 100 120
Dy(m) L4(m)

v

Note relatively weak dependence of t. on the length of the amplification section.
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Comparison with simulation
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@ To benchmark our theory, we compare with 1D simulation.

@ The actual machine parameters would lead to a very high number of
simulation macroparticles (~ 10°).

@ Instead, we use an alternative parameter set which allows us to use
fewer macroparticles (~ 10* for electrons and ~ 103 for hadrons).

4
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— N7 (theory)

10 o N7 (simulation)
— NE(th .
= N-(smation) @ Good agreement is observed

between theory and simulation
for one amplification section
(ge is the dimensionless
chicane strength).




Effect of noise amplification and the saturation effects

This is the case of two amplification stages. In the right plot: dﬁh) is the
amplified hadron noise/cooling ratio for longitudinal cooling, d,ge) is the
amplified electron noise/cooling ratio for longitudinal cooling, déh) is the
amplified hadron noise/cooling ratio for transverse cooling, Sh2* the saturation
parameter. We need dT(l") + dT(]e),d(h) <1and SI¥* <« 1.
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Note relatively weak dependence on the length of the amplification section.
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3D effects in cooling without amplification®

In 3D theory particles are point charges and interact through the Coulomb field

_ 72 2V
==2¢ (X2 + y2 +y222)3/2

The cooling rate is sensitive to the phase advance between the modulator and
the kicker.

For the relative phase advance 7
: (= ="y ==yl and xt* = xt/
1 and y/* = yM) we found that the 3D
theory gives the same cooling rate as
1D (g is dimensionless Rsg). The plot
shows the result of 3D simulations

$o oz o4 os 08 1o (dots) and 1D theory (solid line).

G. Stupakov, P. Baxevanis, 3D Theory of Microbunched Electron Cooling for Electron-lon Colliders, IPAC19, page 814,
2019.
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Summary

19/19

We have developed a theoretical model that describes the MBEC process
for both the energy spread and the transverse emittance of the hadron
beam. The model includes amplification stages that use 1/4 plasma
oscillation drifts and chicanes.

Our derivation is based on a one-dimensional (1D) Vlasov technique that
tracks the evolution of the beam fluctuations through the MBEC setup.

Simple formulas are obtained for the cooling times, allowing for fast
optimization studies. Our analysis is benchmarked via comparison with 1D
simulations.

Noise effects and nonlinearity of amplification are now included in the
analysis.

Preliminary study of 3D effects confirms results of 1D model.

From a practical point of view, cooling times below 1h appear to be
feasible for the eRHIC parameters (both for energy spread and emittance)
by making use of two plasma amplification stages.



